I. INTRODUCTION
The detection of charged particles (and neutrons) using solid-state nuclear track detectors is of interest to many scientific disciplines, including the field of Inertial Confinement Fusion (ICF) research; this includes both laser-plasma experiments [1] [2] [3] [4] as well as Z-pinches. In this context, CR-39 offers several advantages over alternative charged-particle detectors. As a passive, plastic detector, it is immune to electromagnetic pulse (EMP) and largely immune to x-rays which are commonly produced in such environments. For particles with normal incidence to the detector surface, the material has 100% detection efficiency for protons up to approximately 6-8 MeV. As will be described, this is accomplished using standard optical microscope techniques to image and analyze the detector. 5 CR-39 has been used in wedge-range-filter and magnetic charged-particle spectrometers, 5 as well as neutron spectrometers using the recoil technique 6 at the OMEGA laser facility, and recently at the National Ignition Facility (NIF) for diagnosing neutrons and chargedparticles from ICF implosions. CR-39 has also been fielded in a diagnostic for imaging ICF implosions, 7, 8 which has allowed the detailed study of field structures in those experiments. 9, 10 In these diagnostics, the track diameters are often used to discern different charged-particle species, and in several cases are used to determine the energy of the incident particle. A thorough understanding of the response of CR-39 to charged-particles is often important and sometimes essential for the success of such diagnostic instrumentation.
Previous work, utilizing various types of CR-39, have studied the effectiveness of various track etchants, 11 and have looked at the CR-39 response to alpha particles, [12] [13] [14] electrons, 15 gammas, 16 fission fragments, 17 and neutrons. 18 Studies of the CR-39 efficiency for detecting protons as a function of incident angle in the energy range of 1-10 MeV have also been undertaken, as well as preliminary studies which characterized the track diameter as a function of incident mean proton energy. 17 In this work, we present the TasTrak CR-39 track diameter response curves to protons as a function of energy, including a study of piece-to-piece variability in addition to the effects of etch time and etchant temperature. We also present the results of a 5-year study of the effects of aging of CR-39 using 5.5 MeV alpha particles.
A charged particle leaves a track of broken molecular chains and free radicals along its trajectory as it passes through the plastic. Particle tracks are then made visible by chemical etching in hot, concentrated alkali solutions. The average diameter of the tracks left on the surface of the plastic will depend on the incident mean energy of the particles as well as how the CR-39 is processed. If the response of CR-39 to protons is understood for a range of etchant properties, we can obtain spectral information about the particles incident on the surface of the plastic. This paper is structured as follows: Section II describes the principal experimental setup for this work; Section III presents the results of three different studies on CR-39s track diameter response, including piece-to-piece variability, effects of different etching conditions and age of CR-39; Section IV describes the future direction of this work; the appendix illustrates how signal tracks are discerned from intrinsic noise for the different studies presented in this paper.
II. EXPERIMENTS
The studies presented in the following section involved exposing pieces of CR-39 to protons in the energy range of 0.92 MeV to 9.28 MeV, which were produced using a linear accelerator-based fusion products generator. 19 A deuterium (D) ion beam was focused onto an erbium (Er) target embedded with either D or Helium-3 ( 3 He) atoms to generate DD or DHe fusion reactions. The 3 MeV DD-protons and 14.7-MeV DHe-protons were used for the CR-39 exposure. Protons of the energy range indicated above were generated by overlaying the CR-39 with aluminum filters of various thicknesses. The remaining charged fusion products (alphas and tritons) were readily ranged out with aluminum filters; the CR-39 response to the 2.45 MeV DD-neutron products is not of concern in this study since it has been demonstrated previously that the detection efficiency for these neutrons is approximately Two filter arrangements were constructed to range down the protons to the desired energies.
The energy distribution of the protons leaving each of these filter packs was measured using an SBD ( Fig. 1 ). Once the CR-39 was exposed to protons, it was etched using a heated solution of NaOH and then scanned with an automated optical microscope system, which recorded the location, diameter, eccentricity, and optical contrast of each track. 5 Following the scan, track attributes were analyzed using a custom software package developed at MIT.
III. RESULTS

A. Track diameter as a function of proton energy
The proton track diameter response of 1500-µm-thick CR-39 has been studied. Following exposure to protons, a 6 N solution of NaOH at a temperature of 80 • C was used to etch shown in figure Fig. 2b . It is important to note that the shape of each individual curve varies (see Fig. 2a ); to use these curves quantitatively one must have knowledge of the shape of the curve for a given piece. It is thought that this piece-to-piece variation is a result of the variable oxygen profile of CR-39 upon irradiation. 20 As illustrated in Fig. 2 , the track diameters decrease with increasing incident mean proton energy, as expected from the stopping power scaling (dE/dx ∼ 1/E) of charged particles in cold matter. The features of these curves are in qualitative agreement with a previous study utilizing 1-10 MeV protons, 17 although that study used a different type of CR-39 (Homalite)
as well as a different etchant (6 N at 70 • C). In addition to these observed proton tracks, noise caused by defects and debris in the CR-39 are often observed. The diameters of these features, however, for the standard etch described above, are less than 2 µm and will not be counted as proton tracks for energies below 8 MeV.
B. Effects of Etch Time on Track Diameter
The effects of etch time were studied using four pieces of CR-39, which were exposed to protons of various energies using the aforementioned procedure. Each piece was then etched using a 6 N solution of NaOH at a temperature of 80 • C and scanned several times, starting with a 30 minute etch and increasing in increments up to a total 6 hours. This procedure was repeated for a total of four pieces and the results averaged to eliminate piece-to-piece variation; the resulting diameter response curves are shown in Fig. 3 .
In several charged-particle diagnostic ICF applications, the CR-39 in use often exhibits significant variations in the proton track density. 5, 7 In such cases, it is desirable to apply a staged etch and scan process to the CR-39, 21 using scans from short and long etch times for regions of high and low fluence, respectively; for regions of high fluence this avoids track overlap and in severe cases complete saturation. It is important to etch regions of low fluence up to 6-hours for these etch conditions so as to increase the contrast of proton tracks relative to the background intrinsic noise and improve counting statistics; for regions of higher fluence statistics are not of concern and a shorter etch is tolerable. The fact that the 6-hour etch in the staged etch of Fig. 3 is consistent with the single 6-hour etch of Fig. 2 allows CR-39 processing in stages without affecting the response, thereby increasing the effective dynamic range in proton fluence. 
C. Effects of Etch Temperature on Track Diameter
Previous work involved studies of the effects of etchant temperature variation on the CR-39 track diameter response to 1 MeV protons 22 as well as fission fragments and alpha particles. 11 These studies have been extended to include the track diameter response curves of protons in the energy range 1-9 MeV for various etchant temperatures (Fig. 4) . The CR-39 for this study was etched for 6 hours in a 6 N solution of NaOH at temperatures of 75 • C, 80 • C, and 85 • C. 
D. Effects of aging and time of exposure
It has been shown previously that the CR-39 response to charged-particles drops sharply within the first 30 days of manufacture, 22 and that it is the age of the plastic itself, not of the tracks, which results in the degradation of sensitivity (lower V T /V B ) with time. 23 The effects of prolonged aging on the CR-39 were studied using 5.5 MeV alpha particles from a 241 Am source and samples over a 5-year period. After exposure, samples were stored in a low-humidity, low-light environment at room temperature for a variable amount of time, diameter are independent on the time of exposure. CR-39, which had been previously exposed to alpha particles, was exposed again to alpha particles just prior to etching. The differences between new and old track diameters are ∼ 5%.
after which they were etched using the standard 6 N solution of NaOH at 80 • C for 6 hours.
The diameters of the alpha tracks were found to decrease as a function of time between exposure and etch, as shown in Fig. 6a . To determine whether it is the age of the plastic or the age of the track which causes a reduction in track diameter, another set of samples which were previously exposed to alpha particles were exposed again immediately before etch. The ratios of diameters of the old alpha tracks to the new alpha tracks is unity to within 5%, suggesting that it is the age of the CR-39, not the age of the track, which is responsible for the reduction in diameter, in agreement with previous claims utilizing different materials. 23 The cause for the observed change in response may be annealing 24 or oxidation. 23 Given the experimental setup, we rule out long-term exposure to UV and humidity. It has been shown that storing CR-39 at or below freezing temperatures will inhibit these aging effects. 23
IV. SUMMARY AND FUTURE WORK
The response of TasTrak CR-39 to 1-9 MeV protons has been studied, including the piece-to-piece variability of the response and the effects of different etch times and etchant temperatures. It has been shown that the shape of the proton track diameter vs. energy response curve varies from one piece to the next, and that quantitative use of these curves requires one to have knowledge of the shape of the curve for a given piece. Furthermore, a linear relationship between etch time and track diameter is observed, allowing for stagedetch processing of CR-39. Effects due to the age of CR-39 have also been studied over a 5-year period and from these experiments it was found that 5.5 MeV alpha particle track diameters decrease as a function of age of the plastic itself and not the age of the track.
These characterizations of the response of CR-39 to protons are essential for the calibration of existing diagnostics and for the development of new diagnostic capabilities for the OMEGA and NIF laser facilities.
Future work will include the study of various environmental effects important to the ICF community. The effect on track diameters of prolonged exposure of CR-39 to vacuum both before and after exposure to protons has proven to be important at large facilities, such as the NIF where CR-39 may sit in vacuum for several hours if not days before the experiment is begun. 20 The efficiency of track detection for shorter etch times and higher count rates (where track overlap becomes significant) is also of interest for improved processing turnaround time and increased flexibility in experiment designs, respectively. Finally, a detailed study of the x-ray response of CR-39 and in particular the effect of x-rays on charged-particle tracks will become important in the harsh x-ray environments of todays and tomorrows increasingly more intense laser systems. Figure 9 are contours illustrating the diameter and contrast distributions for 3.6 MeV protons as a function of etchant temperature. Increasing the etchant temperature shows effects similar to that of increasing etch time proton tracks tend to become darker and larger since the etch rate is accelerated. Note the variation of the intrinsic noise between shown for the three etchant temperatures this illustrates the variation of noise from pieceto-piece since three distinct samples were used to obtain the data. Table I shows the accelerator shot number reference and the CR-39 identification numbers associated with each of the data sets. The CR-39 used in this study was acquired in Dec 11 and experiments were performed within a couple of months thereafter. The CR-39 was kept frozen and typically thawed for 24 hours before it was used. 
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